Objective: to conduct a systematic review of the literature describing the impact of speech recognition systems on report error rates and productivity in radiology departments. Methods: the search was conducted for relevant papers published from January 1992 to october 2013. Comparative studies reporting any of the following outcomes were selected: error rates, departmental productivity, and radiologist productivity. the retrieved studies were assessed for quality and risk of bias. Results: The literature search identified 85 potentially relevant publications, but, based on the inclusion and exclusion criteria, only 20 were included. most studies were before and after assessments with no control group. there was a large amount of heterogeneity due to differences in the imaging modalities assessed and the outcomes measured. the percentage of reports containing at least one error varied from 4.8% to 89% for speech recognition, and from 2.1% to 22% for transcription. Departmental productivity was improved with decreases in report turnaround times varying from 35% to 99%. most studies found a lengthening of radiologist dictation time. Conclusion: overall gains in departmental productivity were high, but radiologist productivity, as measured by the time to produce a report, was diminished.
Introduction
Speech recognition (SR) for radiology reporting was first described in 1981. Early studies of the use of voice-input devices produced disappointing results, with one study reporting that voice entry took four times more than the menu selection system that had previously been used (Leeming et al. 1981) . However, recent improvements in SR software and computer hardware allowed continuous voice recognition to become a reality by more closely imitating natural speech patterns, thereby encouraging many medical imaging departments to adopt or to consider SR as an alternative to conventional transcription. It has been suggested that implementation of SR in hospitals may help to reduce report production time and result in cost savings compared with conventional dictation transcription (Hoyt & Yoshihashi 2010) . To our knowledge, no systematic review of the impact of SR on productivity and error rates has been published to date. The issues of importance in the implementation of this technology include error rate, overall departmental productivity and individual radiologist productivity. The technology has evolved and accuracy rates are progressively improving, with the accuracy of word recognition surpassing 90% (Hundt et al. 1999; Rosenthal et al. 1998) . Advocates of SR often cite a decrease in report turnaround time at the departmental level as a justification for introducing this technology. The impact of SR on individual radiologist productivity is less clear and this review aims to evaluate and compare these different performance measures. A better understanding of the performance of SR will also help in developing an implementation strategy in centres that have yet to deploy this technology. Also, this review can identify knowledge gaps and propose areas of further research.
The aim of this systematic review is to summarise published literature on the performance of SR in radiology departments. The parameters that will be studied are error rate, departmental productivity and radiologist productivity.
Methods
A systematic literature search in the following electronic databases was performed: Embase, CINAHL, AMED, Healthstar, Mantis, PubMed, ScienceDirect, British Medical Journal, Cochrane Database and Center for Research and Dissemination. The reference period was January 1992 to October 2013 and only publications in English were included. The following search strategy was used: (((speech AND recognition) AND (report OR record OR system OR dictation OR dictating)) OR ((voice AND recognition) AND (report OR record OR system OR dictation OR dictating))) AND (radiology OR radiography OR radiologist). The search details are shown in Appendix 1.
Study selection and data extraction
The abstracts retrieved from the literature search were selected by two reviewers (IH and TP). In case of disagreement, a third reviewer (LL) determined whether the study satisfied the selection criteria.
Studies were included if they were conducted in a radiology department and included any of the following criteria: comparative studies reporting quantitative analysis of productivity, or comparative studies reporting quantitative analysis of error rates.
Exclusion criteria included: descriptive or survey studies.
Data were extracted by two independent authors (IH and TP) using a pre-tested extraction form. Finally, the reference lists of all full-text articles were reviewed by (IH, MSL and CB) to identify other potentially relevant studies for inclusion. Disagreements were solved by consensus and checked by a third author (LL).
Quality and risk of bias assessment
The quality and risk of bias assessment of the studies included in the systematic review was performed by two authors (IH and TP) and checked by a third author (LL) in case of disagreement. Quality assessment of the retrieved studies was performed using two tools. First, the studies were graded using the tool developed by Downs and Black which assesses the methodological quality of randomised and non-randomised studies using a checklist of 27 items with a maximum score of 32 points (Downs & Black 1998) . The level of evidence was assessed using a scheme proposed by Harris et al. (2006) . It presents a hierarchy of quasi-experimental design from A to D, with D representing the highest level of evidence. Levels A and C are also subdivided into numbered sublevels, with the highest numerical level representing the highest level of evidence within that category. The grading scheme of the quality of the studies included is summarised in Table 1 .
Results
The systematic literature search identified 218 abstracts (Figure 1 ). Eighty-five potentially relevant abstracts were selected. Following review of the abstracts, 38 studies were excluded. A further 27 studies were excluded after obtaining the full text versions on the basis of the inclusion and exclusion criteria. There were 20 studies (Table 2 ) included in the systematic review: 9/20 (45%) pre-test-posttest studies, 5/20 (25%) one group post-test studies, 5/20 (25%) post-test studies with non-equivalent groups and 1/20 (5%) removed treatment studies (Antiles et al. 2000; Basma et al. 2011; Bhan et al. 2008; Callaway et al. 2002; Gale et al. 2001; Hart et There was significant heterogeneity in the published studies. The imaging modalities whose reports were assessed varied from study to study, as did the outcomes of interest measured ( Table 2) . The scope of each study varied, but the intent was to confirm the benefits of SR. Certain studies specifically aimed to assess if SR could supplant traditional transcription services. The timing of the data collection was most often immediately following implementation and the vast majority of studies were performed within one year of implementing SR ( Table 2 ). The longest post implementation interval was three years. In view of this, pooling of results was not possible and tabular presentation of the results was chosen as the most appropriate way to summarise and synthesise the results. The quality of the evidence was not high. In 14 of the 20 studies included 14/20 (70%), the scorecard developed by Downs and Black yielded values below 16/32, with none exceeding 23/32 (Downs & Black 1998) . The level of evidence, as determined by the classification proposed by Harris et al. was low (Harris et al. 2006) . Most studies are before and after assessments without a control group (Table 2) . 
Error rates
Two distinct definitions of error rate or accuracy were found in the included studies. In earlier studies, accuracy was defined as the percentage of words correctly recognised. Later studies reported error rates as the percentage of reports containing at least one error. In the latter group, an effort was also made to categorise errors. Major errors, or missense errors, were still frequent. Although the studies compared error rates seen with SR to those seen with conventional transcription (Antiles et al. 2000; Callaway et al. 2002; Hart et al. 2010; Hundt et al. 1999; Kelley 2010; Koivikko, Kauppinen & Ahovuo 2008; Krishnaraj et al. 2010; Pezzullo et al. 2008; Ramaswamy et al. 2000; Rosenthal et al. 1998; Strahan & Schneider-Kolsky 2010) , the comparison was rarely with the same reports; rather the results from a sampling of reports obtained with SR and conventional transcription were compared. Word recognition rates varied between 84.5% and 95% in studies published before 2002 (Table 3) . Since 2008, the report error rate was the most common method of assessing performance. The results varied widely, likely due to the different contexts of each study. The percentage of reports containing at least one error varied from 4.8% to 52%, compared to 2.1% to 22% with conventional transcription (Table 4) . In all these cases, the error rate was determined after validation and sign-off by the radiologist. Pezzullo et al. identified errors before validation of the report by the radiologist and found an error rate of 89% before correction (Pezzullo et al. 2008) . In some studies the type of error was assessed. McGurk et al. found that in reports containing errors, 52% of these reports contained major, or missense errors (McGurk et al. 2008 ). They did not, however, specify the rates for SR and conventional transcription separately. They also claimed that no erroneous reports were felt to have adversely affected patient management. Basma et al. found major errors in 23% of reports generated by SR and only 4% in reports generated by conventional transcription (p<.01) (Basma et al. 2011 ). Hawkins et al. report that 12% of all errors were missense errors (Hawkins et al. 2012) .
Departmental productivity
In the selected studies there were two methods of reporting departmental productivity: overall turnaround time and percentage of reports finalised within a given time interval. The results are summarised in Table 5 . Report turnaround time refers to the time from the start of the dictation to the availability of the report to clinicians. Values varied widely, but all showed improvement with the introduction of SR and the decrease in time ranged from 35% to 99%. With conventional transcription, report turnaround times varied from a little over one hour to close to seven days. Following the introduction of SR, the range was 13 minutes to about two days. Also, a larger proportion of medical reports were more quickly available for consultation by the requesting physician. Wheeler et al. found that 90% of reports were available within five hours with SR, but the average turnaround time with conventional transcription was 30 hours (Wheeler & Cassimus 1999) . Ramaswamy et al. and Sferrella found that 71% and 85 -92% of reports, respectively, were available within 24 hours in their respective studies (Ramaswamy et al. 2000; Sferrella 2003 ). The proportion of reports available with conventional transcription was 10.5 % and 41% respectively. Hayt and Alexander found that the proportion of reports available for consultation at 12 hours increased from 3% to 86% (Hayt & Alexander 2001) . The longest turnaround times were reported by Hart et al. (2010) . Although there was an overall decrease of 68%, this varied widely among the radiologists. Some had improvements of 93%, while others saw a lengthening of turnaround time of 33%.
Radiologist productivity
Only four studies assessed radiologist productivity (Table 6) . In all four studies, the dictating radiologist performed the editing and correction. Gale et al. found an increase in radiologist dictation time, which includes correction and sign-off time that ranged from 68% to 233% depending on the imaging modality (Gale et al. 2001 ). Pezzullo et al. found a doubling of dictation time in their study (Pezzullo et al. 2008 ). Strahan and Schneider-Kolsky found that radiologists reported 35% fewer cases per hour with SR (Strahan & Schneider-Kolsky 2010) . Bhan et al. found little change between both approaches: although dictation time was 13% longer with SR when CR (computed radiography) exams were interpreted. There was no significant difference when CT exams were interpreted (Bhan et al. 2008 ). 
Discussion
Undertaking a systematic review of a topic such as SR is fraught with obstacles. The technology is still evolving and will likely improve further in the future. The methodologies as well as the reporting of outcomes varied widely from study to study. The context in which each study was conducted was distinct and a simple pooling of results was impossible, yet the information gleaned from this literature review is interesting. Although the quality of the individual studies is open to criticism, the overall results tend to align themselves. There are three general observations that can be made. First, it is clear that a certain proportion of radiologist reports still contained at least one error. In those reports containing errors, the proportion of errors affecting understanding ranged from 4% to 52%. Second, overall departmental productivity as determined by either report turnaround time or proportion of reports available within five, 12 or 24 hours was improved in all the studies retrieved for this review. Third, with the possible exception of one study, all studies looking at individual radiologist productivity found that more time was needed per report with SR.
The high proportion of reports containing at least one error indicates that SR systems are imperfect, and may require work on the part of radiologists to produce error free reports, thus decreasing individual productivity. The loss of individual productivity, however, is more than compensated by the overall gains in report turnaround time. Although it may seem contradictory that turnaround time improves if the radiologist produces fewer reports per unit of time, the scale of the impact is different. Although the radiologist may spend from 11 seconds to two minutes and ten seconds more per report compared to conventional dictation and transcription (Bhan et al. 2008; Gale et al. 2001; Pezzullo et al. 2008; Strahan & SchneiderKolsky 2010) , the gain in turnaround time is measured in hours and days. Whether this is an acceptable trade-off can only be assessed by the radiologists themselves. The only way to achieve improved report turnaround times with a decrease in individual radiologist productivity is by lengthening the radiologist's workday (Gale et al. 2001) .
Some studies stated that error rates appeared to vary with report complexity, and cross-sectional imaging reports tended to be longer and more complex (Basma et al. 2011) . Selective use of SR depending on report complexity could be an implementation strategy that avoids resistance to change and eases diffusion to other modalities. It is important to note that there are no long term studies on the performance of SR and its acceptance by users. All studies reported recent implementations, usually within months of the introduction of SR. There are few studies assessing the impact of using fixed reporting templates but error rates do not appear to be affected by the use of structured reporting (Hawkins et al. 2012) .
No studies were found that specifically assessed strategies for optimal use of the technology. However, certain generalisations can be drawn from observations made by the authors and reported in the discussion section of the retrieved studies. It is clear that the perceived benefits were affected by technical and organisational factors, and that appropriate implementation strategies were essential to favour optimal use. A more systematic approach to the assessment of factors that facilitate or inhibit optimal use of SR could help in defining appropriate implementation strategies (Alapetite, Andersen & Hertzum 2009 ).
This review confirms the positive impact of SR on departmental productivity, with decreased report turnaround time and an increase in the number of reports available per unit of time. The review also identifies several challenges. The error rate was high when expressed as rate of reports with at least one error and the radiologist's productivity was diminished when compared to traditional transcription. Whether the error rate was responsible for the decrease in radiologist productivity is uncertain. Clearly, spending more time to edit and correct a report will affect individual productivity. Other factors that could also affect productivity and that are not necessarily related to error rate include workflow issues and user friendliness of the system. Further research should explore the relation between error rate and radiologist productivity, as well as evaluate other factors that may affect individual productivity. A consensus on the proper metrics to use for the assessment of error rates and productivity would be helpful. More robust experimental designs should be envisioned with multiple measurements obtained, pre-and post-intervention. Thought could be given to a cluster randomised study where institutions implementing SR are compared to those that are not.
